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In the framework of SU(2) singlet down type vectorlike quark model, we present a comprehensive
analysis for decays B → Xsγ, B → Xsl
+l− and B → Kπ. As for B → Xsγ, we include the
QCD running from the mass of the down-type vector quark D to weak scale in the scenario with
the D quark much heavier than weak scale, and find that the running effect is small. Using the
recent measurements of B → Xsl
+l−, we extract rather stringent constraints on the size and CP
violating phase of zsb, i.e., the tree level FCNC coupling for b → sZ. Within the bounds, we
investigate various observables such as forward-backward asymmetry of b→ sl+l−, the decay rates
of B → Xsγ, and B → Kπ. We find that (1) The forward-backward asymmetry may have large
derivation from that of the SM and is very sensitive to zsb, and thus can be useful in probing the
new physics. (2) By taking experimental errors at 2σ level, both experimental measurements for
B → Xsl
+l− and B → Kπ decays can be explained in this model.
12.39.-x, 12.20.Hw, 12.15.Mm
I. INTRODUCTION
The study of flavor changing neutral currents (FCNC) in particle physics phenomenology has played a key role
in advance of high energy physics in the past decades. Due to the GIM mechanism, FCNC in the standard model
(SM) arises only at higher loop level, and thus, it makes FCNC phenomena a privileged ground to search for signs
of new physics beyond the SM. However, in extension of the SM such as vector quark model (VQM), the CKM
matrix is necessarily non-unitarity, leading to interaction Zs¯b at tree level, and hence potentially large new physics
contributions can be expected.
The rare radiative decays B → Xsγ and B → Xsl+l− are sensitive probes of new physics [1]. The branching ratio
of the radiative decay B → Xsγ has been measured by BaBar [2], CLEO [3], and ALEPH [4] and is in good agreement
with the SM predictions [5,6]. Recently, the rare decays B → Xsl+l− (l = e, µ) also have been measured by BaBar
[7] and Belle [8]. The average value is [9]
Brex(B → Xsl+l−) =
(
6.2± 1.1+1.6−1.3
)× 10−6. (1)
Although the process B → Xsγ constrains the parameters of the VQM [10,11], since vectorlike down-type quark
contributions to b → sγ just occur at loop level as the case of the SM, the constraints on zsb, the tree level FCNC
coupling for b → sZ, from B → Xsγ are less restrictive compared to those from processes governed by b → sl+l−
transition.
There are some studies regarding the constraints on model with extra singlet quark [10–13]. In light of the improve-
ment in the experimental data, it is necessary to present a comprehensive analysis in this model. Also, from the point
of view of the model builder, it is important how the presence of the singlet quark may have impact on low energy
phenomenology. In particular, mass of the singlet quark, the coupling to ordinary quarks and weak gauge bosons are
very important issues. We extend the previous studies and take the following points of the VQM into account:
(i) In the previous studies [10–14], the down-type vector quark D is integrated out with W,Z bosons and top quark
together at mW scale, neglecting the QCD running frommD to weak scale. In this work, we also consider the scenario
with the D quark much heavier than weak scale. Firstly, the down-type vector quark is integrated out, generating an
effective six-quark theory at mD scale. By using the renormalization group equation (RGE), the effective field theory
is run down to the weak scale, at which the W,Z bosons, Higgs and top quark are removed. Finally, the effective
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field theory is running down to the b quark scale, as usual done in the SM. From viewpoint of the theory, if there are
different scales in a model, including QCD running from heavier scale down to lighter one is important.
(ii) For inclusive decay B → Xsl+l−, we include the four-quark operator contributions to one-loop matrix elements
of operator O9 due to the tree level Zs¯b interaction. We also consider the long distance contribution from resonance
φ. This is because the tree level FCNC b → ss¯s generates the new decay chain B → Xsφ → Xsl+l−. We show that
the dilepton mass distribution can be affected.
(iii) With the various improved treatments in both short and long-distance contributions at hand, we obtain the
rather stringent bound on the tree level Z FCNC coupling and its CP violating phase. Within this bound, we study
various observables such as forward-backward asymmetry of b→ sl+l−, the decay rate of B → Xsγ.
(iv). The large electroweak penguin contribution to b → s transition has been suggested in the present data of
B → Kπ [15–19]. In this work, we use factorization approach and study whether the large electroweak penguin
contribution in B → Kπ can be explained or not within FCNC constrained by rare decays b→ sl+l−.
This paper is organized as follows: In Section II we give a brief description of the VQM. We present calculation of
b→ sγ, b→ sl+l− transition in the VQM, including QCD running from down-type vector quark mass scale to weak
scale in Section III. Some new operators are introduced and the contributions of electroweak penguin operators are
taken into account. In Section IV , we extract constraints on size and phase of zsb from B → Xsl+l− experimental
measurements. Using the bounds in Section IV, we evaluate the forward-backward (FB) asymmetry and its zero-point
s0 for the rare B dileptonic decay, as well as the branching ratio of B → Xsγ, and show how they are affected by the
new physics. Section VI contributes to the study of B → Kπ decays. We found both experimental measurements for
B → Xsl+l− and B → Kπ decays can be explained within the framework of vector-like quark model. The anomalous
dimension matrices needed in solving Wilson coefficients and all loop functions are collected in Appendix A and
Appendix B, respectively.
II. VECTOR QUARK MODEL
In this section, we summarize the parameterization of quark mixings in vectorlike quark model. We focus on the
model including a singlet vectorlike down-type quark denoted by D, added to the standard model.
The difference between the new quark and ordinary quarks of the three SM generations is that, unlike the latter
ones, both left- and right-handed components of the former quark is SU(2) singlet. Then the CKM matrix VCKM is
enlarged to 3× 4 and can be expressed as [10]
V jβCKM ≡
3∑
i=1
U jiV βi∗, (2)
where U , V are 3×3 and 4×4 unitary matrices which relate the weak-eigenstates q˜L to mass-eigenstates qL (q = u, d),
dβL ≡ V βαd˜αL, uiL ≡ U jiu˜iL. (3)
The 4× 4 matrix V covers ordinary (α = 1, 2, 3) and and vectorlike quark (α = 4).
The fact that the vectorlike quark is isosinglet, leads to non-unitarity of the mixing matrix V as
zαβ≡
3∑
i=1
V αiV βi∗ =
3∑
i=1
V iα∗CKMV
iβ
CKM = δαβ − V α4V β4∗. (4)
Geometrically, Eq.(4) for i = α 6= β = j shows the quadrangle in the complex plane [20]. The deviations from the
standard unitary triangles (zij 6= 0) are going to vanish as the down type singlet mass (M) increases compared with
electroweak breaking scale v.
The interaction Lagrangian for the quarks with the W± and Goldstone bosons χ± reads
LCC = g√
2mW
V jβCKMu
j (mujL−mdβR) dβχ+ +
g√
2
V jβCKMu
jγµLdβW+µ + h.c., (5)
while the interaction Lagrangian for the down-type quarks with the Z, Higgs H0 and Goldstone bosons χ0 is given
by [10]
2
LNC = − g
cos θW
∑
α,β
dαγµ
[
1
2
zαβL+ ed sin
2 θW δαβ
]
dβZµ − g
2mW
∑
α,β
dαzαβ [mdαL+mdβR] d
βH0
+i
g
2mW
∑
α,β
dαzαβ [mdαL−mdβR] dβχ0, (6)
where ed = −1/3 is the electric charge of the down-type quark.
So far, the results are general. To discuss the effects of singlet quark on unitarity of the CKM matrix, we must
keep the length of the sides of quadrangles to the order of v
2
M2 . Then we can discuss the detailed structure of the
quadrangles. For that purpose, we devise the parameterization of 3×4 non-unitarity matrix based upon the systematic
expansion of vM . Using the parameterization, we show the quadrangle of bs¯ sector, which will be used in later section.
It is completely general to start with mass matrix of the down type quarks as follows [20]:
Md ≡
(
m0 J
0 M
)
, (7)
with charged current
u¯LγµK
0dL,
where m0 is a real diagonal 3 × 3 matrix with (m0)ij = m0iδij . J is a 3× 1 matrix, JT = (J1, J2, J3), and J1 is real
while J2 and J3 are complex. M is a singlet quark mass parameter and can be taken as real. K
0 is a 3 × 3 unitary
matrix and can be parameterized by λ, A, ρ, η as in the CKM matrix of the SM. Note that due to non-vanishing
Z FCNC couplings, the values of λ, A, ρ, η can be different from those of the SM. The matrix MdM†d can be
diagonalized by a 4× 4 unitary matrix W ,
W =
(
Ω R
S T
)
, WMdM†dW † =
(
m¯2 0
0 M¯2
)
. (8)
Thus, the 3 × 4 non-unitary matrix VCKM is a submatrix of W , VCKM = (Ω, R). The matrices Ω and S satisfy
following equations:
(m20 + JJ
†)Ω +MJS = Ωm¯2,
MJ†Ω+M2S = SM¯2,
ΩΩ† + RR† = 1. (9)
By eliminating S and using R ≃ JM , we obtain Ω to the order of JJ
†
M2 as
Ω =

1− ∆112 ∆12
m202
∆m2012
∆13
m203
∆m2013
∆21
m201
∆m2021
1− ∆222 ∆23
m203
∆m2023
∆31
m201
∆m2031
∆32
m202
∆m2032
1− ∆332
 , (10)
where
∆ij =
JiJ
∗
j
M2
, ∆m20ij = m
2
0i −m20j . (11)
Now we can contact the expression of Z coupling zij with ∆ij in this approximation. From Eq.(4) and (10), we obtain
zij = δij −∆ij . (12)
Finally, considering m01 ≃ md ≪ m02 ≃ ms ≪ m03 ≃ mb, we have
VCKM ≃ K0
 1− ∆112 zds zdb √∆110 1− ∆222 zsb √∆22eiδ2
0 0 1− ∆332
√
∆33e
iδ3
 , (13)
where δi = arg(Ji) (i = 2, 3). We note that there are three independent CP violating phases. Thus, by parameterizing
the CKM matrix, we link the CKM matrix VCKM to a unitarity matrix K
0 and Z FCNC couplings.
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Using the experimental measurements for BdB¯d, KK¯ mixings, CP asymmetry of B → ΨKS and CKM matrix
elements, we can constrain the Z FCNC in bd¯, sd¯ sectors, and investigate the correlations among the Z FCNC in
bd¯, sd¯, bs¯ sectors. The detailed study of them will be presented elsewhere. In this work, we will focus attention on
the Z FCNC in bs¯ sector, assuming that the Z FCNC effects on mixings and decays of K, Bd are negligible. In this
approximations, we obtained
KubK
∗
us = Aλ
4(ρ− iη),
KcbK
∗
cs = Aλ
2(1− λ
2
2
) + zsb,
KtbK
∗
ts = −Aλ2(1 −
λ2
2
)−Aλ4(ρ− iη), (14)
where Kij ≡ (VCKM )ij for i, j = 1, 2, 3. The corresponding quadrangle in bs¯ sector is shown in Fig. 1.
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∗
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2
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FIG. 1. The quadrangle in bs¯ sector.
III. B → Sγ AND B → Sℓ+ℓ− TRANSITIONS IN VQM
In VQM, the down-type vector quark may be much heavier than weak scale. In a theory with different mass scales,
the heavier scale should be integrated out firstly, then Wilson coefficients are run from heavier scale to low scale by
using renormalization group equation. Only in case of mD is about the weak scale, can W,Z boson, Higgs boson and
top quark be integrated out together. In this work, we consider two possibilities as follows:
A. Scenario A: δD =
m2Z,W,t,H
m2
D
≪ 1
In this scenario, we first integrate out the heavy D quark, introducing dimension-5 and dimension-6 operators. By
keeping only leading order terms of δD, we obtain the effective Hamiltonian for b→ sγ∗(g∗) as:
Hneweff (b→ γ∗(g∗)) =
4GF√
2
z∗4sz4b
∑
i
Ci(µ)Oi. (15)
A complete basis for the local operators is listed below:
O1LR = −
1
16π2
mbs¯LD2bR,
O2LR =
1
16π2
µǫ/2gsmbs¯Lσ
µνT abRGµν ,
O3LR =
1
16π2
µǫ/2eedmbs¯Lσ
µνbRFµν ,
QHLR =
1
2
µǫg2smbH
0H0s¯LbR,
4
QχLR =
1
2
µǫg2smbχ
0χ0s¯LbR,
P 1,AL = −i
1
16π2
s¯LT
A
µνσDµDνDσbR,
P 2L =
1
16π2
µǫs¯Lγ
µbR∂
νFµν ,
R1,HL = i
1
2
µǫg2sH
0H0s¯L 6 DbL,
R1,χL = i
1
2
µǫg2sχ
0χ0s¯L 6 DbL,
R2,HL = iµ
ǫg2s(∂
σH0)H0s¯LγσbL,
R2,χL = iµ
ǫg2s(∂
σχ0)χ0s¯LγσbL, (16)
where T a stand for SU(3)color generators, Fµν and Gµν are field strength of photon and gluon respectively. The
covariant derivative is given by
Dµ = ∂µ − iµǫ/2gsGaµT a − iµǫ/2eedAµ, (17)
with ǫ = 4− d. The tensor TAµνσ (A = 1, 2, 3, 4) appearing in P 1,AL have the following Lorentz structures [21,22]:
T 1µνσ = gµνγσ, T
2
µνσ = gµσγν , T
3
µνσ = gνσγµ, T
4
µνσ = −iǫµνστγτγ5. (18)
b s
D
φ0 φ0
b s
φ0 φ0
b s
γ, g
φ0
D D
b s
γ, g
FIG. 2. Matching conditions at scale mD in full theory (left) and in the intermediated effective field theory (right). φ
0 can
be H0 and χ0.
To match the full theory into an effective theory, the diagrams to be matched at mD scale are displayed in Fig. 2.
To determine the coefficients of the Γbsφφ, Γbsγφφ, Γbsgφφ (φ = H0, χ0) at scale mD, we just need to match the full
theory with effective theory at tree level. We obtain
CQH
LR
(mD) = −CQχ
LR
(mD) = − 1
g2s
, (19)
CR1,H
L
(mD) = 2CR2,H
L
(mD) = − 1
2g2s
, (20)
CR1,χ
L
(mD) = 2CR2,χ
L
(mD) = − 1
2g2s
. (21)
Other coefficients can be determined by matching one loop diagrams shown in Fig. 2. After straightforward
calculations, we have
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COi
LR
(mD) = 0 (i = 1, 2, 3),
CP 1,1L
(mD) = CP 1,3L
(mD) = −11
18
,
CP 1,2L
(mD) =
8
9
,
CP 1,4
L
(mD) = −1
2
,
C2PL(mD) = 0. (22)
The values are understood as sum of H0, χ0 contributions. Cancellation between Higgs and would-like Goldstone
boson χ0 leads to CiOLR(mD) = 0 (i = 1, 2, 3) in leading order.
The running of Wilson coefficients Ci(µ) from mD down to weak scale is governed by anomalous dimension γ
through RGE
µ
d
dµ
Ci(µ) =
∑
j
(γT )ijCj(µ). (23)
We calculate one-loop diagrams with operator insertions and present the anomalous dimensions γ in Appendix A.
Using the anomalous dimensions (A1) and (A2), we can solve the RGE (23) and have the coefficients of the operators
at weak scale m+W . They are given by,
CO1
LR
(m+W ) =
247
548
ζ−
4
21 +
336
8905
ζ
113
126 − 551
780
ζ
8
21 +
1
6
ζ
2
3 ,
CO2LR(m
+
W ) =
247
1096
ζ−
4
21 +
168
8905
ζ
113
126 − 223
780
ζ
8
21 +
1
24
ζ
2
3 ,
CO3LR(m
+
W ) =
247
1096
ζ−
4
21 +
168
8905
ζ
113
126 − 223
780
ζ
8
21 +
5
12
ζ
2
3 − 3
8
ζ
16
21 ,
CP 1,1L
(m+W ) = CP 1,3L
(m+W ) = −
247
548
ζ−
4
21 − 791
4932
ζ
113
126 ,
CP 1,2
L
(m+W ) =
247
548
ζ−
4
21 +
1
12
ζ
8
21 +
875
2466
ζ
113
63 ,
CP 1,4
L
(m+W ) = −
247
598
ζ−
8
21 − 1
12
ζ
8
21 +
14
411
ζ
113
126 ,
CP 2L(m
+
W ) = 0, (24)
where ζ = αs(mD)/αs(m
+
W ).
In order to continue running the basis operator coefficients frommW scale down to b quark scale, we use the effective
QCD-corrected Hamiltonian obtained by integrating out the W,Z bosons, would-be Goldstone boson, Higgs boson
and top quark. The effective Hamiltonian describing b→ sl+l− transition reads [5,23]
Heff (b→ sl+l−) = −4GF√
2
KtbK
∗
ts
[
10∑
i=1
C˜i(µ)Qi + C˜7γ(µ)Q7γ + C˜8G(µ)Q8G + C9(µ)O9 + C10(µ)O10
]
, (25)
where
Q1 = (s¯iγµLcj)(c¯jγµLbi),
Q2 = (s¯γµLc)(c¯γµLb),
Q3 = (s¯γµLb)
∑
q
(q¯γµLq),
Q4 = (s¯iγµLbj)
∑
q
(q¯jγµLqi),
Q5 = (s¯γµLb)
∑
q
(q¯γµRq),
Q6 = (s¯iγµLbj)
∑
q
(q¯jγµRqi),
6
Q7 = 3
2
(s¯γµLb)
∑
q
eq(q¯γµRq),
Q8 = 3
2
(s¯iγ
µLbj)
∑
q
eq(q¯jγµRqi),
Q9 = 3
2
(s¯γµLb)
∑
q
eq(q¯γµLq),
Q10 = 3
2
(s¯iγ
µLbj)
∑
q
eq(q¯jγµLqi),
Q7γ = e
16π2
mbs¯iσ
µνRbiFµν ,
Q8G = gs
16π2
s¯iσ
µνRT aijbjG
a
µν ,
O9 = e
2
16π2
(s¯γµLb)(l¯γµl),
O10 = e
2
16π2
(s¯γµLb)(l¯γµγ5l). (26)
To match the operator set in (16) onto these operators, we use the equations of motion to reduce all remaining
two-quark operators to the gluon and photon magnetic moment operators O2LR and O
3
LR which are redefined as Q8G
and Q7γ in (26).
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γ
s
b
W
W
(a)
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FIG. 3. Charged boson mediated penguin diagram contributing to b→ sγ.
Firstly, we present the values of the Wilson coefficients at mW scale calculated in NDR and HV schemes as follows
with small VubV
∗
us omitted:
C˜1(mW ) =
11
2
(1 + 2ξ)
αs(mW )
4π
,
C˜2(mW ) = 1− zsb
KtbK∗ts
− 11
6
(1 + 2ξ)
αs(mW )
4π
− 35
18
αem
4π
,
C˜3(mW ) = −1
6
zsb
KtbK∗ts
− 1
6
αs(mW )
4π
[
E(xt) +
2
3
ξ
]
+
αem
6π
2B(xt) + C(xt)
sin2 θW
,
C˜4(mW ) = −3C˜5(mW ) = C˜6(mW ) = −1
2
[
E(xt) +
2
3
ξ
]
αs(mW )
4π
,
C˜7(mW ) = −2
3
sin2 θW
zsb
KtbK∗ts
+
αem
6π
[
4C(xt) +D(xt)− 4
9
(1 + ξ)
]
,
C˜8(mW ) = C˜10(mW ) = 0,
C˜9(mW ) = −2
3
cos2 θW
zsb
KtbK∗ts
+
αem
6π
[
10B(xt)− 4C(xt)
sin2 θW
+ 4C(xt) +D(xt)− 4
9
(1 + ξ)
]
,
C˜7γ(mW ) = −1
2
A(xt) +
zsb
KtbKts∗
[
23
36
− 1
2
CO1
LR
(m+W ) + CO3LR(m
+
W )−
1
4
CP 1,2
L
(m+W ) +
1
4
CP 1,4
L
+ed
(
1
3
+
1
9
sin2 θW
)]
(27)
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C˜8G(mW ) = −1
2
F (xt) +
zsb
KtbKts∗
[
1
3
− 1
2
CO1LR(m
+
W ) + CO2LR(m
+
W )−
1
2
CP 1,1L
(m+W )−
1
4
CP 1,2L
(m+W )
+
1
4
CP 1,4
L
− 3ed
(
1
3
+
1
9
sin2 θW
)]
,
C9(mW ) = π
αem
zsb
KtbK∗ts
(−1 + 4 sin2 θW ) + C(xt)−B(xt)
sin2 θW
− 4C(xt)−D(xt) + 4
9
(1 + ξ) +O
(
zsb
KtbK∗ts
)
,
C10(mW ) = π
αem
zsb
KtbK∗ts
+
B(xt)− C(xt)
sin2 θW
+O
(
zsb
KtbK∗ts
)
, (28)
where ξ = 0 in NDR scheme and ξ = −1 in HV scheme. The loop functions can be found in Appendix B.
Z
sb
q, l+ q, l−
FIG. 4. Tree level Feynman diagram contributing to b→ sγ and b→ sl+l−.
The terms proportional to zsbKtbK∗ts
in C˜3,7,9(mW ) and the first term of C9,10(mW ) come from the tree-level diagram
as displayed in Fig. 4, the term proportional to zsbKtbK∗ts
in C˜2(mW ) comes from tree diagram due to the non-unitarity
of CKM matrix in VQM. In expressions of C˜7γ,8G(mW ), the first constant terms proportional to
zsb
KtbK∗ts
come from the
charged current one-loop diagram Fig. 3 due to the non-unitarity of CKM matrix in VQM, other terms proportional
to zsbKtbK∗ts
come from the neutral current one-loop diagrams shown in Fig. 5. As in expressions C9,10(mW ), the second
terms proportional to zsbKtbK∗ts
denoted as O
(
zsb
KtbK∗ts
)
come from the charged and neutral current one-loop diagrams.
In deriving above equation, we have used the unitarity relation
z4bz
∗
4s = −zsb (29)
which is a direct result of Eq. (4).
Z
γ
s
b
dα
dα
(a)
H0, χ0
γ
s
b
dα
dα
(b)
FIG. 5. Neutral boson mediated penguin diagram contributing to b→ sγ.
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At this moment, we would like to point out that the contributions from the Z-penguin charged current one-loop
diagrams in the VQM to C9,10(mW ), have divergent terms due to the non-unitarity of CKM matrix. Although these
divergences can be removed by renormalizing the tree level FCNC which exists in VQM Lagrangian, they are scheme
dependent. However, these scheme dependences are subleading compared to the first terms of C9,10(mW ), which we
will neglect them in our calculation. Under this approximation they are not relevant for the inclusive dileptonic
decays.
B. Scenario B: δD =
m2Z,W,t,H
m2
D
∼ 1
In this scenario, the top and D quark, W and Z bosons can be integrated out together. The corresponding initial
values of Wilson coefficients C˜7γ,8G(mW ) are changed to [10]
C˜7γ(mW ) = −1
2
A(xt) +
zsb
KtbK∗ts
[
23
36
+
(
fZD(yD) + f
H
D (wD) + f
χ
D(yD)
)
+ ed
(
1
3
+
1
9
sin2 θW
)]
,
C˜8G(mW ) = −1
2
F (xt) +
zsb
KtbK∗ts
[
1
3
− 3 (fZD(yD) + fHD (wD) + fχD(yD))− 3ed(13 + 19 sin2 θW
)]
. (30)
where yD = m
2
D/m
2
Z , wD = m
2
D/m
2
H . Other Wilson coefficients are the same as Scenario A we discussed. The
functions fxy stands for the contribution from boson x mediated penguin one-loop diagram with quark y in loops and
are presented in Appendix B.
-0.03
-0.02
-0.01
0
0.01
0.02
0.03
0.04
0.05
0 400 800 1200 1600 2000
D quark contributing to C~ 7g (mW)
D quark contributing to C~ 8G(mW)
mD (GeV)
W
ils
on
 c
oe
ffi
ci
en
ts
FIG. 6. The down-type vector quark contributions to Wilson coefficients of Q7γ and Q8G at mW scale in unit of
zsb
KtbK
∗
ts
(mH = mt). The solid and dashed lines stand for the results in Scenario A with or without consideration of QCD running
effect from mD to mW , respectively. The corresponding values in Scenario B are denoted by dot-dashed lines.
In Fig.6 we plot the down-type vector quark contribution to the Wilson coefficients C˜7γ and C˜8G as a function mD
at mW scale, and demonstrate the QCD running effects from mD down to mW in Scenario A.
As a consistency check, we can see that if the QCD correction is neglected by setting ζ = 1 and only leading
order terms of δD are kept, for on-shell quarks and photon, our results C˜7γ(mW ) and C˜8G(mW ) in Scenario A would
produce the results exactly in Scenario B.
At the end of this subsection, we make some emphasis on the results obtained by using different approaches as
follows:
The effect of running from mD down to weak scale on the contributions from neutral current mediated by D quark
in Scenario A is large, as shown in Fig. 6. However, at mW scale, since dominant new contribution comes from the
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charged current diagrams, the total results of C˜7γ,8G(mW ) are changed slightly. This indicates that the dependence
of the branching ratio of B → Xsγ on mD is quite weak in both Scenarios. Therefore, we can not extract the mass
of down-type vector quark from this analysis.
IV. CONSTRAINTS ON ZSB IN VQM FROM INCLUSIVE DECAYS B → XSℓ
+ℓ−
A. Solutions of Wilson coefficients
To obtain some predictions for inclusive B rare decays, we need to determine the Wilson coefficients at mb scale.
Expanding anomalous dimension matrix and Wilson coefficient as
γ = γ(0)
αs(µ)
4π
+ γ(1)(
αs(µ)
4π
)2 + · · · , (31)
C(µ) = C(0)(µ) + C(1)(µ)
αs(mW )
4π
+ · · · , (32)
we solve the Wilson coefficients up to order αs(mW ) according to the RGE (23). The relevant 10 × 10 one-loop
anomalous dimension matrix among Q1−10, γ(0), and two-loop anomalous dimension matrices among Q1−10 with
Q7γ,8G and O9 needed in our calculations are collected in Appendix A.
Using the 10× 10 matrix γ(0) in Appendix, and initial values presented in Section II, we obtain the solutions
C˜
(0)
i (η) =
10∑
i,l=1
Vˆ −1il η
al Vˆl2 − zsb
KtbK∗ts
Vˆ −1il
10∑
l
ηal
[
Vˆl2 +
1
6
Vˆl3 +
2
3
sin2 θW Vˆl7 +
2
3
sin2 θW Vˆl9
]
. (33)
where η = αs(mW )/αs(µ), C˜
(0)
k (1) ≡ C˜(0)k (mW ). The eigenvalues al are obtained by diagonalizing the 10 × 10
anomalous dimension matrix γ
(0)
2β0
,
(Vˆ
γ(0)
2β0
Vˆ −1)lj = alδlj .
At leading order, the solution of C˜7γ(η) is given by
C˜7γ(η) = η
γγγ
2β0 C˜7γ(mW ) +
γGγ
γGG − γγγ
(
η
γGG
2β0 − η
γγγ
2β0
)
C˜8G(mW )
− γGγ
γGG − γγγ
(
η
γGG
2β0 − η
γγγ
2β0
) βγi
2β0
Vˆ −1il
1
al − γGG2β0
VˆlkC˜
(0)
k (1)
+Vˆ −1il
[
βγi
2β0
+
γGγ
2β0
βGi
2β0
1
al − γGG2β0
]
ηal − η
γγγ
2β0
al − γγγ2β0
VˆlkC˜
(0)
k (1). (34)
For C(0)9 (η), the corresponding solution is
C(0)9 (η) =
zsb
KtbK∗ts
[
π
αem
(−1 + 4 sin2 θW ) + π
αs(mW )
10∑
l=1
p¯l(η
al − 1)
]
+
π
αs(mW )
10∑
l=1
pl(η
al − 1). (35)
where
pl =
10∑
i=1
γ
(0)
i,11
β0
Vˆ −1il Vˆl2,
p¯l = −
10∑
i=1
γ
(0)
i,11
β0
Vˆ −1il
[
Vˆl2 +
1
6
Vˆl3 +
2
3
sin2 θW Vˆl7 +
2
3
sin2 θW Vˆl9
]
. (36)
To obtain the scheme independent one-loop matrix element of O9 in VQM, calculation up to next-to-leading order
(NLO) is necessary, as the case of SM. To obtain C9(µ) , we frist present the NLO calculations for C˜i(µ) as
10
C˜
(1)
i (η) = Vˆ
−1
il η
al VˆlkC˜
(1)
k (1) + Vˆ
−1
il
[
Vˆ
γ(1)T
2β0
Vˆ −1
]
lj
ηaj−1 − ηal
aj − al − 1 VˆjkC˜
(0)
k (1)
+
β1
β0
Vˆ −1il al
(
ηal−1 − ηal) VˆlkC˜(0)k (1). (37)
The solution of C9(η) in NDR scheme is
C9(η)= zsb
KtbK∗ts
[
π
αem
(−1 + 4 sin2 θW ) + π
αs(mW )
10∑
l=1
p¯l(η
al − 1)
]
+
π
αs(mW )
10∑
l=1
pl(η
al − 1)
+
[
C(xt)−B(xt)
sin2 θW
− 4C(xt)−D(xt) + 4
9
(1 + ξ)
]
+
∑
l
[
(ηal − 1) rl + (sl + qlE(xt))
(
ηal+1 − 1)] . (38)
The numerical results for parameters al, pl, p¯l, sl, ql are follows:
al = (−0.8994,−0.5217,−0.4230, 0.1457, 0.2609, 0.4087, 0.1304,−1.4034),
pl = (0.1648, 0.2424, 0.1384,−0.0073,−0.3941, 0.0433, 0, 0),
p¯l = (−0.0248, 1.0004, 0.0853, 0.0207, 1.6602,−0.0690, 0.5223,−1.6974),
sl = (−0.3554,−0.3579,−0.3617, 0.0072,−0.2009, 0.0490, 0, 0),
ql = (−0.2701, 0, 0.0918, , 0.0059, 0, 0.0318, 0, 0),
rNDRl = (−0.0292,−0.1960, 0.1328,−0.1858, 0.8997,−0.2011, 0, 0). (39)
One can check that in case of zsb = 0, the results are the same as those in SM [26].
Note four-quark operators Q1−10 can contribute to one-loop matrix element of O9. Defining the effective coefficient
Ceff9 as
Ceff9 < sl+l−|O9|b >≡ C9(η) < sl+l−|O9|b > +
10∑
i=1
C
(0)
i (η) < sl
+l−|Qi|b >, (40)
we obtain Ceff9 (η) in VQM as
Ceff9 =
zsb
KtbK∗ts
[
π
αem
(−1 + 4 sin2 θW ) + π
α(mW )
∑
l
p¯l(η
al+1 − 1)
]
+
π
αs(mW )
∑
l
pl(η
al+1 − 1) +
[
C(xt)−B(xt)
sin2 θW
− 4C(xt)−D(xt) + 4
9
]
+
∑
l
[
(ηal − 1) rNDRl + (sl + qlE(xt))
(
ηal+1 − 1)]
+h(
m2c
m2b
, s)T
c(0)
9 + h(1, s)T
b(0)
9 −
1
2
h(0, s)
[
C˜
(0)
3 + 3C˜
(0)
4
]
+
9
2
[
3C˜
(0)
3 + C˜
(0)
4 + 3C˜
(0)
5 + C˜
(0)
6
]
, (41)
where s is dilepton mass squared normalized by m2b , and
T
c(0)
9 = 3C˜
(0)
1 + C˜
(0)
2 + 3C˜
(0)
3 + C˜
(0)
4 + 3C˜
(0)
5 + C˜
(0)
6 ,
T
b(0)
9 = −
1
2
[
4C˜
(0)
3 + 4C˜
(0)
4 + 3C˜
(0)
5 + C˜
(0)
6
]
. (42)
The function h(z, s) which includes light quark-antiquark pair contributions has an expression as
h(z, s) = −8
9
ln
mb
µ
− 8
9
ln z +
8
27
− 4
9
x− 2
9
(2 + x)|1 − x| 12
×
 ln
∣∣∣√1−x+1√
1−x−1
∣∣∣− iπ for x ≡ 4 z2s < 1,
2 arctan 1√
x−1 for x ≡ 4 z
2
s > 1.
(43)
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Now we consider the long distance contributions to Ceff9 . Apart from J/Ψ family, resonance φ should be added to
long distance part of Ceff9 due to tree level Zs¯b coupling. Similar to previous analysis [27], the non-perturbative
contributions can be parameterized as
YRes(s) =
3π
α2em
[
T s(0)
Γ[φ→ ℓ+ℓ−]mφ
m2φ − sm2B −mφΓφ
+ T
c(0)
9 κ
6∑
i=1
Γ[Ψ(is)→ ℓ+ℓ−]mΨ(is)
m2Ψ(is) − sm2B − imΨ(is)ΓΨ(is)
]
,
Ceff9 → Ceff9 + YRes(s). (44)
Here κ = 2.3 is a phenomenological factor, |T c(0)9 κ| can be fixed from the J/Ψ,Ψ′ data. T s(0)9 and T c(0)9 correspond
to the coefficients of h(
m2s
m2
b
, s) and h(
m2c
m2
b
, s) in expression of Ceff9 respectively, T s(0)9 = T b(0). Since experimental
measurement for B → Xsφ is not available so far, we set the phenomenological factor for φ to be unity in our
numerical calculation.
B. Constraints on zsb from inclusive decays B → Xsℓ
+ℓ−
With all Wilson coefficients at b quark mass scale ready, the invariant dilepton distribution for B → Xsℓ+ℓ− can
be expressed in terms of the effective Wilson coefficients defined above as
dΓ(B → Xsl+l−)
ds
=
(αem
4π
)2 G2Fm5b |K∗tsKtb|2
48π3
(1− s)2R0 (45)
where
R0 = 4
(
1 +
2
s
)
|C˜eff7γ |2 + (1 + 2s)
(
|Ceff9 |2 + |C10|2
)
+ 12Re(C˜eff7γ Ceff∗9 ), (46)
where C˜eff7γ is determined by Eq. (34) using the vectors βγ and βG calculated in HV scheme.
Now we constrain the parameter zsb from B → Xsl+l−. The branching ratio of B → Xsl+l− depends on the
tree level FCNC coupling zsb and |KtbKts|. |KtbKts| can be written in terms of |KcbKcs| and zsb. In fact, from the
quadrangle in bs¯ sector, Fig. 1, one can derive the relation,
|KtbK∗ts| = |KcbK∗cs|+ |KubK∗us| cos θ3 + |zsb| cos θ,
θ = arg
(
zsb
KtbK∗ts
)
, θ3 = arg
(
−KubK
∗
us
KtbK∗ts
)
. (47)
We use Eq. (47) to determine |KtbKts| in Eq. (45). Then, from the branching ratios of B → Xsl+l−, one can derive
the constraints on |zsb| and θ. In the relation Eq. (47), for |KcbKcs|, we have used the experimental values shown
in Table I. |KubKus| in Eq. (47) was neglected in the numerical calculation. Integrating Eq.(45), we exclude the
resonances J/Ψ,Ψ′ contributions by using the same cuts as experiments [8] 0.20 < |ml+l− −mJ/Ψ| < 0.35, 0.15 <
|ml+l− −mΨ′ | < 0.30. The corresponding 2σ experimental bounds on the size of zsb and phase θ from experimental
measurement for B → Xsl+l− are displayed in Fig.7. From this figure, we obtain
|zsb| ≤ 1.40× 10−3 (95% C.L.). (48)
One can see clearly that the absolute value of the allowed phase θ becomes smaller as the size of zsb increases.
TABLE I. Input parameters are used in calculation. All masses in unit of GeV.
αs(mZ) 0.119 αem 1/133
mZ 91.19 λ2 0.12 GeV
2
mW 80.41 Br
ex(B → Xceν) 0.104
mpoleb 4.8 |Kus| 0.2196 ± 0.0026
mpolet 173.8 ± 5 |Kcs| 0.97± 0.11
mc/mb 0.29 ± 0.2 |Kub| (3.6± 0.7) × 10
−3
ms/mb 0.02 |Kcb| (4.12 ± 0.2) × 10
−2
sin2 θW 0.231 GF 1.166 × 10
−5 GeV −2
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FIG. 7. The (|zsb|, θ) contour in Scenario A constrained by Br
ex(B → Xsl
+l−). The dashed, dotted lines correspond to
1σ and 2σ experimental bounds of B → Xsl
+l− in (1), respectively. The solid line denotes the experimental central value
6.2× 10−6. The region between dot lines is allowed at 1σ level.
V. SOME PREDICTIONS FOR B → XSℓ
+ℓ− AND B → XSγ
In this section, subject to the constraints on zsb from B → Xsl+l−, we will present predictions for the invariant
dilepton mass distribution, FB asymmetry, the zero point of FB asymmetry of B → Xsl+l−, and the branching ratio
of B → Xsγ.
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)
FIG. 8. The differential rate of B → Xsl
+l− normalized by Br(B → Xclν) as a function of dilepton invariant mass.
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Firstly, we consider the invariant dilepton mass distribution of B → Xsl+l−. According to the study in subsection
IVA, it is expected to be sensitive to the parameter zsb. This feature is shown in Fig.8.
In addition to the differential and total branching ratio, the forward-backward (FB) asymmetry can provide crucial
information on new physics. The normalized FB asymmetry distribution is defined as
A¯FB =
∫
dθˆ d
2Γ(b→sl+l−)
dsd cos θˆ
sign(cos θˆ)∫
dθˆ d
2Γ(b→sl+l−)
dsd cos θˆ
= − 3
R0
Re[(sCeff9 + 2C˜7γ)C∗10]. (49)
Thus, the zero of the FB asymmetry s0 in VQM is determined by equation
Re
[(
s0Ceff9 + 2C˜eff7γ
)
C∗10
]
= 0. (50)
-0.5
-0.4
-0.3
-0.2
-0.1
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FB
(B
→
X s
l+ l
-
)
FIG. 9. The FB asymmetry of B → Xsl
+l− distribution.
It is very interesting to analyze how the zero of the FB asymmetry (s0) is modified in VQM. Unlike to the case of
SM where C10 is real, the coefficient C10 is complex generally in VQM. Furthermore, the contributions to C9,10 from
tree level FCNC diagram
|CTree10 (mW )| =
π
αem
∣∣∣∣ zsbKtbK∗ts
∣∣∣∣≫ |CTree9 (mW )| = παem
∣∣∣∣ zsbKtbK∗ts
∣∣∣∣ (1− 4 sin2 θW ), (51)
indicate that C10 can have large imaginary part. Therefore, s0 in VQM will have large deviation from that in SM.
As an illustration, we plot the FB asymmetry as a function of s in Fig. 9 corresponding to different size of zsb. To
show how the zero point s0 sensitive to both the size of zsb and phase θ, we display the dependence of zero point of
FB asymmetry on zsb in Fig. 10. Figs.9 and 10 indicate that, subject to the experimental measurement for branching
ratio of B → Xsl+l−, FB asymmetry distribution and the zero point of FB asymmetry are very sensitive to the
parameters zsb and phase θ, especially in the region 0.6× 10−3 < |zsb| < 1.2× 10−3.
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FIG. 10. The (|zsb|, s0) contour in VQM subject to the 1σ bounds of Br
ex(B → Xsl
+l−). For specified |zsb|, the phase θ
effect on s0 is also shown.
Now we study the radiative decay B → Xsγ. The Branching ratio of B → Xsγ can be expressed as
Br(B → Xsγ) = Brex(B → Xceν¯e)Rquark(δmax)
[
1− 6
(
1− (1− z)
4
g(z)
)
λ2
]
, (52)
where z = m2c/m
2
b , g(z) = 1 − 8z + 8z3 − z4 − 12z2 ln z is the phase space factor. δmax = 0.99 [5]. The λ2-
dependent term comes from the nonperturbative corrections to the semileptonic and radiative B meson decay rates,
and λ2 = (m
2
B∗ −m2B)/4 ≃ 0.12 GeV 2. The ratio Rquark is defined as
Rquark(δ) =
Γ[b→ Xsγ]Eγ>(1−δ)mb/2
Γ[b→ Xceν¯e] =
6αem
πg(z)
∣∣∣∣KtbK∗tsKcb
∣∣∣∣2 F (|D|2 +A), (53)
where function F is related to the next-to-leading QCD corrections to the semileptonic decay [28],
F =
(
1− 8
3
αs(mb)
π
)[
1− 2
3
αs(mb)
π
h(z)
g(z)
]−1
. (54)
The |D|2 term in (53) stands for the contribution of b → sγ while A term which is cutoff δ dependent, includes the
virtual and Bremsstrahlung correction to b→ Xsγ [5]. They can be written in terms of Wilson coefficients as
D = C˜7γ(µb) +
αs(µb)
4π
8∑
i
C˜
(0)
i (µb)
[
rˆi + γˆ
(0)
i7 ln
mb
µb
]
,
A =
(
e−αs(µb)/3π(7+2 ln δ) ln δ − 1
)
|C˜(0)7γ (µb)|2 +
αs(µb)
π
∑
i≤j
C˜
(0)
i (µb)C˜
(0)
j (µb)fij(δ), (55)
where γˆ
(0)
i7 = βγi for i = 1 − 6, γˆ(0)77 = γγγ and γˆ(0)87 = γGγ . The explicit expressions of rˆi,and fij(δ) can be found in
Ref. [5].
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Fig. 11 shows correlation of the branching ratio of B → Xsγ with that of B → Xsl+l− in VQM. It is obvious from
the figure that Br(B → Xsγ) is not so sensitive to the phase, which is not the case for Br(B → Xsl+l−). Within the
experimental bounds of B → Xsl+l− , corresponding branching ratio of B → Xsγ predicted in VQM is consistent
with the experiment measurement [29]
Brex(B → Xsγ) = (3.34± 0.38)× 10−4. (56)
VI. B → Kπ DECAYS
Having established constraints on b → s FCNC from b → sll and b → sγ, we evaluate B → Kπ decay rates. The
large electroweak penguin contribution to b → s transition has been suggested in the present data of B factories.
Because in VQM, the tree level FCNC may generate the electroweak penguin contribution, the purpose of this
section is that with FCNC constrained by rare decays b → sl+l−, we study whether the large electroweak penguin
contribution in B → Kπ can be explained or not. The correlation between di-leptonic decay and non-leptonic decays
is characteristic feature of the present model.
We start with the following effective Hamiltonian:
Heff =
4GF√
2
{
(ξc(C
∗
1 Q¯1 + C∗2 Q¯2) + ξu(C∗1 Q¯u1 + C∗2 Q¯u2 )− ξt
10∑
i=1
(C∗i Q¯i)
}
. (57)
The operators Q¯i is the charge conjugation of Qi defined in (26), ξi = KisK∗ib, and
Q¯u1 = (b¯iγµLuj)(u¯jγµLsi), Q¯u2 = (b¯iγµLui)(u¯jγµLsj). (58)
Here we must keep the ξu term because there are tree level contribution to B → Kπ decays. As seen from the
effective Hamiltonian, tree-level Z FCNC generates the electroweak penguin contribution which is not suppressed by
αem. In terms of isospin amplitudes, the electroweak penguin operators contribute to both ∆I = 0 and ∆I = 1
components. Because for ∆I = 0 amplitude, the large strong penguin contribution is expected, new physics may
dominantly contribute to ∆I = 1 amplitudes.
Below, we estimate the B → Kπ amplitudes within the factorization approximation. The four quark operator with
the flavor structure b→ ss¯s and b→ sc¯c do not contribute to the processes. We obtain
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A(B+ → K0π+) = iGF
{
ξt
(
a4 − a10
2
+ (2a6 − a8)RK
)
MBπ,K
+
[
ξua2 − ξt
(
a4 + a10 + 2(a6 + a8)R
B
)]
MKπ,B
}
, (59)
A(B+ → K+π0) = iGF√
2
{[
ξu
a1
2
− ξt 3
4
(−a7 + a9)
]√
2MBK,π
+
[
a2ξu − ξt
(
a4 + a10 + 2(a6 + a8)R
K
)]
MBπ,K
− [ξua2 − ξt (a4 + a10 + 2(a6 + a8)RB)]MKπ,B} , (60)
A(B0 → K+π−) = iGF
{[
ξua2 − ξt
(
a4 + a10 + 2(a6 + a8)R
K
)]
MBπ,K
+ξt
(
a4 − a10
2
+ (2a6 − a8)RB
)
MKπ,B
}
, (61)
A(B0 → K0π0) = iGF√
2
{[
ξu
a1
2
− ξt 3
4
(−a7 + a9)
]√
2MBK,π
+ξt
(
a4 − a10
2
+ (2a6 − a8)RK
)
MBπ,K
−ξt
(
a4 − a10
2
+ (2a6 − a8)RB
)
MKπ,B
}
(62)
where a2i−1 = C∗2i−1 + C
∗
2i/N , a2i = C
∗
2i + C
∗
2i−1/N . And
RK =
m2K
(mb −mu)(ms +mu) , R
B =
m2B
(mb +mu)(ms −mu) ,
Mab,c = fc(M
2
a −m2b)F a→b0 (m2c). (63)
In derving the amplitudes, we have used
< π0(p′))|(b¯u)V |B+(p) > =
[
(p+ p′)µ − m
2
B −m2π
q2
qµ
]
FB
+→π0
1 (q
2) +
m2B −m2π
q2
qµF
B+→π0
0 (q
2),
< K+(p′))|(b¯s)V |B+(p) > =
[
(p+ p′)µ − m
2
B −m2K
q2
qµ
]
FB→K1 (q
2) +
m2B −m2K
q2
qµF
B→K
0 (q
2),
< K+(−p)π0(p′))|(u¯s)V |0 > =
[
(p+ p′)µ − m
2
K −m2π
q2
qµ
]
FK→π1 (q
2) +
m2K −m2π
q2
qµF
K→π
0 (q
2), (64)
where q = p− p′, and
< 0|(s¯u)A|K+(pk) >= ifKpkµ, < 0|(b¯u)A|B(pB) >= ifBpBµ,
< K+(pk)|(s¯u)A|0 >= −ifKpkµ, < π0(pπ)|(u¯u− d¯d)A|0 >= −i
√
2fπpπµ. (65)
It is easy to see that the isopsin relation
√
2A(B+ → K+π0) +A(B+ → K0π+) =
√
2A(B0 → K0π0) +A(B0 → K+π−). (66)
Since there are many uncertainties in calculating B → Kπ such as strong phases and formfactors, instead of the
branching ratios of B → Kπ, it is more reasonable to use their ratios to constrain the new physics effect. In this
work, we use Rc, Rn and their difference to constrain Z FCNC. Rc and Rn are defined as
Rc ≡ 2Br(B
+ → K+π0) + 2Br(B− → K−π0)
Br(B+ → K0π+) +Br(B− → K¯0π−) ,
Rn ≡ Br(B
0 → K+π−) +Br(B¯0 → K−π+)
2Br(B0 → K0π0) + 2Br(B¯0 → K¯0π0) . (67)
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In our numerical calculations, we take large N limit and use fπ = 132 GeV . Since q
2 = m2K ,m
2
π is rather close to
the point q2 = 0, we neglect the q2 dependence in the formfactors, while FB→K0 = 0.33, F
B→π0
0 = 0.379/
√
2. The
SU(3)-breaking effects in the formfactors are also neglected. The contribution from the terms proportional to fB is
also omitted because it works as a suppression factor fB/MB [16].
Running quark masses appear in the matrix elements of (S − P )(S + P ) penguin operators through the use of the
motion equation. The running quark masses at µ ∼ mb = 4.8 GeV scale are given by
mb(mb) = 4.34GeV, ms(mb) = 0.09GeV, mu(mb) = md(mb) = 0.03GeV. (68)
The NLO Wilson coefficients in NDR scheme at mb scale can be obtained from (33) and (37).
As discussed in Section II, the phases θ3 and θ are defined in (47) and are shown in Fig. 1. We can write θ3 as,
θ3 ≃ −atan
(
η
ρ
)
, (69)
where η and ρ can be detremined from the measuerments of CP violation and mixings of K and Bd systems. By
assuming that the effect of tree level FCNC on K and Bd is small, we can use the standard model values for η and
ρ. The allowed region of θ3 is:
1000 ≤ θ3 ≤ 1400. (70)
If the tree level FCNC contribute to K and Bd system, the allowed region of θ3 can be significantly changed from
Eq.(70). Therefore, in our numerical calculation, we relax this condition and scan the region for θ3 from 0
0 to 3600.
Now we can see the physics quantities are deterimined by three inputs: the size of Z FCNC coupling |zsb|, the phases
of θ3 and θ. We plot the Rn and Rc correlation in Fig. 12 with three specified values of θ3. For given zsb, the
allowed region changes with θ3. For |zsb| ≤ 1.5× 10−3 and θ3 ≤ 450, no region is allowed by Rc and Rn experimental
measurements at 2σ level. When θ3 = 100
0 ∼ 1200, as shown in the figure, there are larger allowed regions.
To see this more clearly, in Fig.13 we show the dependence of Rc − Rn on the phase θ3 with typical values
|zsb| = (1.0, 1.5)× 10−3 and θ = (−π,−π2 , 0, π2 , π). The experimental measurements [30]
Rc = 1.15± 0.12, Rn = 0.78± 0.10, Rc −Rn = 0.37± 0.16 (71)
at 1σ and 2σ level are also displayed.
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FIG. 13. Rc −Rn as a funition of the phase θ3.
From this figure, we note that Rc −Rn is sensitive to the phase θ3 and θ.
The constraints on the contour (|zsb|, θ) from Rc − Rn are shown in Fig. 14. One can see that, for θ3 = 1100, 1σ
experimental bounds restrict |zsb| and θ as |zsb| > 0.9 × 10−3, |θ| ≥ 1. Corresponding to 2σ experimental bounds,
smaller |zsb| is allowed as |zsb| > 0.2× 10−3.
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FIG. 14. The (|zsb|, θ) contour constrained by Rc −Rn at 1σ and 2σ level.
Finally, we obtain the allowed regions from Rc − Rn and B → Xsl+l− by varying θ3 as a free parameter. The
bounds are shown in Fig. 15. At 1σ level, there are no overlapping region allowd from B → Xsl+l− and B → Kπ.
From Fig. 15, we obtain
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0.2× 10−3 < |zsb| < 1.2× 10−3, (95% C. L.) (72)
where large phase |θ| is favored. Now we would like to point out that if θ3 is in the region of [1000, 1400], only the
region with negative phase θ in Fig. 15 is allowed.
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FIG. 15. The (|zsb|, θ) contour constrained by combination of B → Xsl
+l− and B → Kπ at 1σ and 2σ level. The solid and
dotted lines correspond to 1σ and 2σ bounds from Rc − Rn, respectively. The dash-dotted line and dashed lines correspond
to 2σ and 1σ bounds from B → Xsl
+l−. The allowed region with θ > 0 corresponds to 1800 < θ3 < 360
0 whereas the allowed
region with θ < 0 corresponds to 00 < θ3 < 180
0.
VII. CONCLUSIONS
In this work, we have studied the new physics effects on the B meson decays B → Xsγ,B → Xsℓ+ℓ− and B → Kπ
in the Vectorlike Quark Model. The QCD running effect from the mass of the down-type vector quark D to weak
scale has been taken into account. We extracted rather stringent constraints on the size of the tree level Z FCNC
coupling and its CP violating phase from B → Xsℓ+ℓ−. Within the bounds, we investigated various observables such
as FB asymmetry of b → sl+l−, the decay rates of B → Xsγ and B → Kπ. We found that the zero crossing point
of FB asymmetry s0 of B → Xsl+l− is very sensitive to both the size and phase of zsb and can be useful in probing
the new physics, and both experimental measurements for B → Xsl+l− and B → Kπ decays can be explained within
the framework of vector-like quark model. The upper bound on the size of Z FCNC comes from B → Xsl+l− ,
while the lower bound, from B → Kπ decays. Considering that the B factories such as BaBar and Belle are running,
measurements for inclusive and exclusive B decays with high precision are expected. Therefore, the VQM will be
tested in near future.
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APPENDIX A
In this appendix, we present all anomalous dimension matrices needed in solving the Wilson coefficients.
(1) For the mixings of operators QHLR, R
1,H
L , R
2,H
L , we obtain
γ =
 7 0 00 7 0
0 0 7
 . (A1)
We also obtain the same matrix forQχLR, R
1,χ
L , R
2,χ
L as Eq.(A1). For the mixings among the operatorsO
i
LR (i = 1, 2, 3)
and P 1,AL , P
2
L, we obtain the following result:
γ =
g2s
8π2

20
3 1 −2 0 0 0 0 0−8 23 43 0 0 0 0 0
0 0 163 0 0 0 0 0
6 2 −1 23 2 −2 −2 0
4 32 0 − 11336 13718 − 11336 − 43 94
2 1 1 −2 2 23 −2 0
0 12 2 − 11336 8918 − 11336 43 94

, (A2)
which is in agreement with Ref. [22].
(2) The 10× 10 one-loop anomalous dimension matrix among Q1−10 is given by [25]:
γ(0) =

−2 6 0 0 0 0 0 0 0 0
6 −2 −29 23 −29 23 0 0 0
0 0 −229
22
3
−4
9
4
3 0 0 0 0
0 0 6− 2f9 −2 + 2f3 −2f9 2f3 0 0 0
0 0 0 0 2 −6 0 0 0 0
0 0 − 2f9 2f3 −2f9 −16 + 2f3 0 0 0 0
0 0 0 0 0 0 2 −6 0 0
0 0 −2(u−d/2)9
2(u−d/2)
3
−2(u−d/2)
9
2(u−d/2)
3 0 −16 0 0
0 0 29
−2
3
2
9
−2
3 0 0 −2 6
0 0 −2(u−d/2)9
2(u−d/2)
3
−2(u−d/2)
9
2(u−d/2)
3 0 0 6 −2

(A3)
where the color number N = 3 is used. For b→ sl+l−, f = u+ d, u = 2, d = 3. γ(0) is scheme independent.
In NDR scheme the 10× 10 two-loop anomalous dimension matrix among the Q1−10 is given by
γNDR,(1) =

−21
2 − 2f9 72 + 2f3 799 −73 −659
7
2 +
2f
3
−21
2 − 2f9 −202243 135481 −1192243
0 0 −5911486 +
71f
9
5983
162 +
f
3
−2384
243 − 71f9
0 0 37918 +
56f
243
−91
6 +
808f
81
−130
9 − 502f243
0 0 −61f9
−11f
3
71
3 +
61f
9
0 0 −682f243
106f
81
−225
2 +
1676f
243
0 0 −61(u−d/2)9
−11(u−d/2)
3
83(u−d/2)
9
0 0 −682(u−d/2)243
106(u−d/2)
81
704(u−d/2)
243
0 0 202243 +
73(u−d/2)
9
−1354
81 − (u−d/2)3 1192243 − 71(u−d/2)9
0 0 −799 − 106(u−d/2)243 73 + 826(u−d/2)81 659 − 502(u−d/2)243− 73 0 0 0 0
904
81 0 0 0 0
1808
81 − f3 0 0 0 0−14
3 +
646f
81 0 0 0 0
−99 + 11f3 0 0 0 0−1343
6 +
1348f
81 0 0 0 0−11(u−d/2)
3
71
3 − 22f9 −99 + 22f3 0 0
736(u−d/2)
81
−225
3 + 4f − 13436 + 68f9 0 0
− 90481 − (u−d/2)3 0 0 −212 − 2f9 72 + 2f3
7
3 +
646(u−d/2)
81 0 0
7
2 +
2f
3
−21
2 − 2f9

.
(A4)
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(3) The mixing entries among Q7γ,8G and Q1−10 are follows:
γγγ =
32
3
, γGγ = −32
9
, γGG =
28
3
. (A5)
In HV scheme, the entries of β7−10γ,G can be extracted from β
3−6
γ,G [23] by substituting
1→ 3
2
ed, u→ 3
2
euu, d→ 3
2
edd, (A6)
and thus, they are given by
βγ =
(
0,
416
81
,−464
81
, (
416
81
u− 232
81
d),
32
9
,−(448
81
u− 200
81
d),−16
9
,−(448
81
u2 +
100
81
d2),
232
81
,−(416
81
u2 − 116
81
d2)
)
,
βG =
(
3,
70
27
,
140
27
+ 3f, 6 +
70
27
f,−14
3
− 3f,−4− 119
27
f,
7
3
− 3(u− d
2
), 2− 119(u− d/2)
27
,
−70
27
+ 3(u− d
2
),−3 + 70(u− d/2)
27
)
, (A7)
(4) The mixing entries among C9 and Q1−10 are follows [25] with same substitution in (A6):
γ
(0)
i,11 =
(
−16
3
,
−16
9
,
−16
3
(u − d
2
− 1
3
),
−16
9
(u − d
2
− 3), −16
3
(u − d
2
),
−16
9
(u − d
2
),−(16
3
u2 +
4
3
d2),−(16
9
u2 +
4
9
d2),−(16
3
u2 +
4
3
d2 +
8
9
),−(16
9
u2 +
4
9
d2 +
8
3
)
)
, (A8)
γ
NDR,(1)
i,11 =
(
−64
3
,
1600
243
,−3712
243
− 64(u− d/2)
3
,
64
3
−
(
2240
243
u+
512
243
d
)
,−64(u− d/2)
3
,
3520
243
u− 3392
243
d,
−(64
3
u2 +
16
3
d2), (
3520
243
u2 +
1696
243
d2),
1856
243
− (64
3
u2 +
16
3
d2),−32
3
− (2240
81
u2 − 256
243
d2)
)
, (A9)
γ
(0)
11,11 = −2β0, γNDR,(1)11,11 = −2β1, (A10)
where β0 = 11− 2f/3, β1 = 102− 38f/3.
APPENDIX B
Some one-loop functions needed in our calculations are follows.
(1) For the calculation of the initial values of C˜1−8 and C9,10 at mW scale:
A(x) = −8x
3 + 5x2 − 7x
12(1− xt)3 +
x2(2− 3x)
2(1− x)4 lnx,
B(x) = − x
4(x− 1) +
x
4(x− 1)2 lnx,
C(x) =
x2 − 6x
8(x− 1) +
3x2 + 2x
8(x− 1)2 lnx,
D(x) = −19x
3 − 25x2
36(x− 1)3 −
3x4 − 30x3 + 54x2 − 32x+ 8
18(x− 1)4 lnx,
E(x) = −2
3
lnx+
x(18− 11x− x2)
12(1− x3) ,
F (x) = −x
3 − 5x2 + 2x
4(1− x)3 +
3x2
2(1− x)4 ln x. (B1)
(2) For the calculation of one-loop diagrams with down-type vector quark D:
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fZD(x) = −
5x2 + 5x− 4
72(x− 1)3 +
x(2x− 1)
12(x− 1)4 lnx,
fHD (x) = −edx
[
7x2 − 29x+ 16
48(x− 1)3 +
3x− 2
8(x− 1)4 lnx
]
,
fχD(x) = edx
[
5x2 − 19x+ 20
48(x− 1)3 +
x− 2
8(x− 1)4 lnx
]
, (B2)
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